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(71) We, United Kingdom Atomic 
Energy Authority. London, a British 
Authority, do hereby declare the invention, 
for which we pray that a patent may be 
5 granted to us, and the method by which it 
is to be performed, to be particularly de- 
scribed in and by the following statement: 
The present invention relates to the pro- 
duction of refractory a-tefacts. In this speci- 
10 fication, the term '-^retractory matenar' is 
used in a wide sense to define materials 
which may be obtained in a powdered form 
and then heat treated to produce a refractory 
artefact. As is conventional the term m- 
15 eludes ceramic materials and metals, but the 
term should also be understood to include 
glass msofar as glasr powder is capable 
of being sintered by appropriate heat treat- 
ment. The term further includes silicon, 
20 which is converted to silicon nitride by heat 
treatment in a nitrogen atmosphere. 

In the preparation of refractory articles 
by the conventional pressing and sintering 
techniques, it is difilcult to form complex 
25 shapes. K machining is necessary to form 
the shape, the sintered artefact is often very 
hard v/hilst the green, i.e. unsintered, press- 
ing is often too fragile. The pressing opera- 
tion itself will only form relatively simple 
30 shapes. 

The invention provides a method for the 
production of a refractory artefact com- 



or binders which provide(s) setung^-o^jer-^ 
ties to form a cured artefact from the green 
artefact, further shaping the cured arteCact 
by machining, subsequently heating the 
shaped artefact so as to volatilise the binder 45 
or binders, and subsequently heat treating 
the shaped artefact to form the refractory 
artefact. 

The said refractory material may be a 
glass, such as peialite or a borosilicate or 50 
lithium aluminc -silicate glass; a technical 
ceramic, such as porcelain or a lithium 
alumino-siiicate ceramic; a pure oxide 
ceramic, such as alumina or zirconia; a 
carbide ceramic, such as tungsten or silicon 55 
carbide; or a metal such as silicon, nickel 
or stainless steel. The techniques of heat 
treatment to form dense artefacts from all 
these refractory materials are well known. 
The powder of the refractory material 60 
should be fine, e.g. less than 325 mesh 
B.S.S., to facilitate sintering. 

The function of the t hermoplas tic binder 
is to give coherence to the green artefact 
and when this is in the form of a sheet, 65 
a measure of flexibility. It should also soften 
by the application of heat to permit the 
green artefact to be formed or re-formed 
as will hereinafter be explained in detail. 
Polyvinyl acetate is a suitable thermoplastic 1 70 

binder. \ 

The function of the setting binder is to| 



\yjiy - _____ , . , 

prisino- providinu a mix comprising _a cure and be rigid at temperatures at which 

Dowdlr of a retracto ' ry material and oi iTox the thermoplastic bmder is losing Us strength 

«• * __■ -^trr:; -TTr;;..^,x>^i.w.r:A' p <t lOO-^OO^C SO HQ lo irK'e a n^id curec 



35i nore binders pl^tdini;'" Th ermoplastic and 
setting properties ^ shaping said ink into a 
green artefact under conditions in which 
the said thermoplastic properties are pro- 
vided by the or a said binder or binders, 

40 curing the shaped artefact to set the binder 

[Price 25p\ 



e.g. 100-200^C , so as to gK'e a rigid curec 
artefact whicTr~will not d'eform during the' 
sintering process and is a faithful reproduc- 
tion of the green artefact. The cured artefact 
is machined as necessary, e.g. it may be 
sawn, drilled or milled, as though it were ^80 



2— 



a loaded resin and holes, slots, grooves or 

awe setting binder is an acrylic resin 
3 an acrylic-cpoxy copolymer ^ * 

ii. ° ■ '""S" """""S process such 
£ S ^ f ' f I ^ntary machine may 

S pV ^^^^^^^^^ 

lecnnique, the earner s pulled under n 
30 Z^i'Tt'""^ solv^ent based mix 

carr/er ^'^^^ ^""^^d on the 

mf? 'j*^ '^^^'^^^ provide either a 

40 m y be' d"ne Tu" ^'^'^^ 'J^" 

jein^orJed'Tre^^^^^^^^^ 

o STn.t'^""^ f^''' - silLn c^bidl: 
^ -rteudeT^ the' mh' 
45 in a random rSainlT tL'sheeTTf ' 

foS2i=y-s!^^^^^^^^ 

a comb may be mnnntf^ ^- 

« tow is ana£ to th tonTTr'^ •"'^ 
By these techniques it is noLVf "f"'^'' 

^ With ^oi5roS"du?s ^'"S'ire" ^"^^^^^ 
carbon. ccKuiosic or n.'l.l ^S- of 

arc bu™ , fXXTs,r ™'- 

crccn sP,T,'"-'""^u''' ""-I Wock hi Ihe 



On rolling, there is initiaTdZ^iZlT T 
out extension but further ^"h- 
accompanied by longitudLI "1'^"""° ^ 
transverse extension;^" £t T ,^ ''"'"^ 
o densilicaiion by the (TtL "'"^ 
in the roli-f-aD In r! ' °" conditions 70 
[ion increasg'wiS a^S'S '^""'^-^' 
between platens is iKi«tS^ ' ""'.r'^S 
between the previous metS"'''^ 

tcrJS nrateS.1he''"g;^^,;^ - 75 

improves sinterability^aS ^1''"'"?^'=''°° 
contraction and defonnatfon''"''' ''"'"'"^ 

tio^nhe^g?ee°n^f£" r"^' ^^P- ' 
creased denfS aftei ni, '^'^^ '° J 
ciated increast^n tngtrSoirt^-' 



Uncompacted 
Compacted 



Density Bend strength 



1.8 
2.5 



15.000 
45.000 
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niS Sc^frrSer'jsS^^"'^^"-"^ 
or solvent-free mix fron lL„\'°^^^^ "^i^ 90 
This latter procS? if beV T'"- 
extrusion ooeration L ^Pj^owed by an 
feed to theSSr ^ '"'^'^i''^ ^ ^^i^^ble 
machine °' ^ot rolling 

used to nrofliir^ ci; '^"^^^^a and may be 
blaaking 'Xloi?^?heV^^^^^ 
readily formed, especiallv ff . ."f^ ''^ 
n^ay be assembled S o L '^''"^' ^^"^ ^00 
shapes by caunna di«»<^ ? complex 

by pressing S^, e aon r. r '"^^'^^^ 
sol^entor olvent t^SSZ^^^ '''^ 

is ve^y^Ste^"^?/''^ ^05 
thin sheets have to be I i^^' """f^^^ ot 
vent or binder mav r^,. ".^ ''^^ 
sheets. Under S2e of the 

found advamageouT to ^r''^'''^^^^ " 
which does not contah, , ^ ^^'^^^'^^ ^10 
binder or binders et / ^""^ 
besive such as poIyvfnyJ^Ste''^V^'^- 
o^ an aqueous solution ^^^^.'^ emulsion 

The adhesive mk Z 1^°'^'''"^' ^'^"'^o'- 
fractory materiaro/S ^ts""^"" ''^ ^ 
waf in this 

ct'Sar?4:;"'-"--^-^l^o^^^^^^^^^^^ 
afSyS'^ir^^^^^-^-e in strength by 

Bend streS has h^^ 100-200°d 
follows.— ' ^^'^n measured as 

Pre-cure moo • 125 

Pos,.„„ - jSg°P» 
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used as feed for compaction or extrusion 
shaping processes, the products of which 
(after curing) arc. according to the inven- 
tion, machined by conventional machining 
3 techniques. 

The next stage is to heat treat the cured 
artefact, ultimately to achieve a dcnsified 
refractory artefact. Due to the thermo- 
setting properties of the binder, extended 
10 sheet fabrications become self-supporting 
both at normal temperatures and through 
the early stages of heat treatment. It may 
however be desirable to heat very slowly 
at the start of the heat treatment stage, 
15 e.g. up to 400°C, so that the organic com- 
ponents are removed in a progressive manner 
without causing excessive porosity or crack- 
ing. In the case of oxide ceramics, e.g. 
alumina, the heat treatment to cause sinter- 
20 ing is continued by heating to a tempera- 
ture of about 1400^C to 1750°C in a suit- 
able atmosphere. In the case of a stainless 
steel artefact, a reducing atmosphere, e.g. 
hydrogen, is necessary in sintering and tem- 
25 peratures of about 1300^C are required. 
In the case of a silicon nitride artefact 
which is conveniently made from silicon 
as the raw material, the heat treatment 
is carried out in a nitrogen atmosphere 
30 and for example two to four hours at 
1350°C followed by two hours at 1450^C 
gives complete conversion to silicon nitride 
for thin sections. Longer heating is neces- 
sary for thick sections. In spite of the rela- 
35 tively high binder content, e.g. up to 25% 
by volume, the dimensional change between 
the cured artefact and the final product is 
small, e.g. 0.3% in the ci'.se of silicon nitride. 
By the choice of a suitable binder and 
40 solvent concentration, it is possible to pro- 
duce a mix which can be spun to form a 
tangled mass of fibres. During curing these 
fibres will adhere where they touch and 
subsequent sintering or nitriding will pro- 
45 duce a fibrous artefact, which may for ex- 
ample be used as an insulant. 

During the sintering or nitriding opera- 
tions sintering or nitride formation respec- 
tively takes place across the bonds made 
30 during fabrication and after the sintering 
or nitriding is completed no trace of these 
bonds can be found. Thus the final artefact 
can be considered to be a unitary body, 
although it will be understood that any 
55 reinforcement will not extend across a bond. 
In order that the present invention may 
more readily be understood, one embodi- 
ment of the same will now be described by 
way of example. In this embodiment, the 
•60 invention is applied to the manufacture of 
a regenerative heat exchanger disc of silicon 
nitride. 

Using a ball mill, commercial grade 
silicon powder was wet milled in mclhyl 
^5 ethyl ketone, e. g. for 18 hours, to b reak 



up agglomerates and reduce the powder to 
smaller than 325 mesh B.S.S. The ball mill 
was then used to mix i n the binder ,and 
plasticiscr to produce the follow ing slur rv: — 



Silicon 

Polyvinyl-butyral (binder) 
Dibutyl phthalate (plasticiser) 
Methyl ethyl ketone (solvent) 



2 kg 
200 g 
150 ml 
1200 ml 



70 



This slurry was then loaded into a trough 
having its base closed by a silicone-coated 
paper carrier strip. The carrier was pulled 
under the bottom of the trough and under 
a doctor blade to deposit a layer of the 
mix on the carrier. This layer was dried 
by the evaporation of the solvent to give 
a sheet 0.008 inches thick. The sheet was 
then removed from the carrier. 

The sheet was then passed between cor- 
rugating rolls, heated to 45°G, to. impart 
corrugations of pitch 0.133" and amplitude 
0.044", and this corrugated sheet was 
passed with a plane sheet between a cor- 
rucated and a plain roll to adhere the two 
sheets together under the influence of heat 
and pressure. 

The resulting double sheet was edge 
trimmed and the plane side coated with a 
thin layer of an aqueous solution of poly- 
vinyl alcohol containing 30%, by weight of 
milled silicon as an adhesive. It was then 
rolled eiip to form a green heat exchanger 
disc, 3" thick and 6" in diameter. 

The green artefact was now heated slowly 
to 200°C in air over 3 hours and held ai 
that temperature for a further hour. This 
treatment caused the binder to harden and 
the cured artefact was then ground on its 
faces to true it up. 

The cured artefact was then placed in 
a nitriding furnace containing an atmos- 
phere of nitrogen and heated according to 
the following schedule: — 



75 



80 



85 



90 



95 



100 



105 



110 



Temperature 
ramie °C 
20— 200 
200— 450 
450—1200 
1200—1350 

1350 
1350—1450 
1450 



Time 
(mills) 
30 
200 
300 
150 
200 
100 
120 



Comments 



Debonding 

No control necessary 1 15 



Initial nitriding 
Final nitriding 



The final artefact was substantially en- 
tirely silicon nitride, having flow passages 
therethrough defined by the spaces formed 
between the corrugated sheet and the plane 
sheet. 

The performance of the present invention 
may involve use of the invention described 
and claimed in application 59525/71 (Serial 
No. 1 274 212) which is divided from the 
present application. 
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WHAT WE CLAIM IS: — 

1. A method for the production of a 
refractory artefact comprising: providing a 
mix comprising a powder of a refractory 

5 material and one or more binders provid- 
ing thermoplastic and setting properties, 
shaping said mix into a green artefact under 
conditions in which the said thermoplastic 
properties are provided by the or a said 
10 binder or binders, curing the shaped artefact 
to set the binder or binders which 
provide(s) setting properties to form 
a cured artefact from the green artefact, 
further shaping the cured artefact by niachin- 

15 ing, subsequemly heating the shaped artefact 
so as to remove binder material, and sub- 
sequently heat treating the shaped artefact 
to form the refractory artefact. 

2. A method according to claim 1, 
20 wherein the powder is smaller than 325 mesh 

B,S.S. 

3. A method according to claim 1 or 
claim 2. wherein the binder providing 
thermoplastic properties comprises an 

25 organic polymer. 

4. A method according to claim 3, 
wherein the thermoplastic binder is poly- 
vinyl acetate. 

5. A method according to any of claims 
30 1 to 4. wherein the binder providing setting 

properties comprises a thermosetting binder. 

6. A method according to claim 5, 
wherein the thermosetting binder is an 
acrylic-epoxy copolymer. 

35 7. A method accordmg to claim 1 or 
claim 2, wherein single binder having 
thermoplastic and setting properties is used. 

8. A method according to claim 7, 
wherein the single binder is polyvinyl 

40 butyral. 

9. A method according to any of the 
preceding claims, wherein the mix contains 
a plasticiser for the binders or for one of 
the binders, 

45 10. A method according to claim 9, 
wherein the plasticiser is dibutyl phthalate. 

11. A method according to any of the 
preceding claims, wherein the mix contains 
a solvent for the binders or for one of the 

50 binders. 



12. A method according to claim 11, 
wherein the solvent is methyl ethyl ketone. 

13. A method according to any of the 
preceding claims, wherein the mix is made 
into sheets. 5S 

14. A method according to claim 13, 
wherein the sheets are made by a doctor 
blade technique on a carrier. 

15. A method according to claim 13 

or 14, wherein the sheet is corrugated by 60 
passing it between heated corrugating rollers. 

16. A method according to claim 13, 
14 or 15. wherein two sheets are united to- 
gether by heat and pressure in forming the 
green artefact. 65 

17. A method according to any of claims 
13 to 16, wherein two sheets are united 
together using an adhesive in forming the 
green artefact. 

18. A method according to claim 17, 70* 
wherein the adhesive is a water based ad- 
hesive. 

19. A method according to any of claims 
13 to 18, wherein the sheet includes whiskers 

or fibres. 75 

20. A method according to any of claims 
13 to 19, wherein the sheet is compacted 
by rolling or pressing. 

21. A method according to any of claims 

1 to 12. wherein the mix is spun to form 80 
a tangled mass of fibres. 

22. A method according to any of the 
preceding claims, wherein the green artefact 
is cured by heating at 200° C. 

23. A method according to any of the 8S 
preceding claims, wherein the artefact is 
silicon nitride, the mix contains silicon 
powder, and, after removing binder material, 
the artefact is heated in a nitrogen atmos- 
phere to convert the silicon to silicon nitride. 90- 

24. A method according to claim 23. 
wherein the nitriding is effected by heating 
at i350°C for 2-4 hours and at 1450°C for 

2 hours. 

25. A refractory artefact when made by 95^ 
the method of any of the preceding claims. 

M. J. LOFTING. 
Qiartenxl Patent Agent. 
Agent for the Applicants. 
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